Abstract-We developed a new motion recording system based on GPS and 9 Degrees of Freedom sensors. Deploying the system, we analyzed turn maneuvers on a halfpipe with skateboard, inline skate, and BMX. The recording data was processed by pre-processing software that synchronized the GPS timestamp on the data collected from the multiple devices. Based on the pre-processed data, we defined a distance function between each pair of time series of two runs in order to identify the varieties of turn maneuvers on a halfpipe. For comparison, we also calculated an ordinal distance measure based on basic statistical indexes. In order to evaluate the two distances measured, we defined a precision of ranking for each distance. Furthermore, to understand similarities among runs, we illustrated two dendrograms of hierarchical clustering using both the proposed method and the ordinal method. In terms of the precision score and dendrogram, we confirmed that the proposed measure is better than the ordinal measure to describe differences in ride data on a halfpipe.
I. INTRODUCTION
This paper proposes a motion measurement system and analysis method of turn maneuvers in a halfpipe to detect skill and type of sport. Traditional sports such as athletics [1] - [3] , alpine skiing [4] , [5] , and baseball [6] , [7] are well studied for long decades. Recent years, Olympic Games have adopted halfpipe competitions of snowboarding and skiing as official events. Halfpipe snowboarding has been a regular event in the Winter Olympic Games since 1998. The first Olympic halfpipe ski event was held in 2014. These adoptions reflect huge attention on extreme sports with halfpipe, while these kinds of sports are not well studied.
In recent years, many researchers have employed smartphones with Micro Electro-Mechanical Systems (MEMS) to collect and analyze this type of human behavior.
Due to the widespread use of smartphones in our daily lives, we can use them to record human activities. Ueda, Sugimura, Matsumoto, and Isshiki [8] used smartphones to collect movement data of human bodies at desks and estimated the status of test subjects as either concentrated on a task or relaxed without any task.
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However, we need purpose-specific devices to correct sensor data for healthcare and sports applications. Morita et al. [9] developed a measurement device based on a three-axis accelerometer, three-axis gyroscope, and threeaxis digital compass-coupled with a Bluetooth modem-to record body activity (i.e., gait actions, for evaluating the effectiveness of rehabilitation quantitatively). Avci, Bosch, Marin-Perianu, MarinPerianu, and Havinga [10] surveyed a wide range of research papers concerning inertial sensing to analyze actions concerning healthcare and sports.
Concerning action sports, Crockett and Jensen [11] attached a motion capture system to a large motor-driven treadmill in order to analyze the action dynamics of skateboarding. Campillo, Doremus, and Hespel [12] mounted measurement equipment on the sprocket of a Bicycle Motocross (BMX) bicycle to analyze the angular velocity and force of pedaling. Harding, Mackintosh, Hahn, and James [13] used an accelerometer and gyroscope to analyze the variance in the aerial action of snowboarding.
This paper also focuses on the analysis of action sports. However, we analyzed the differences among three types of action sports (i.e., skateboard, inline skate, and BMX) instead of selecting one of them. To analyze the difference, we collected multiple sensor data sets on several parts of the body. We selected turn maneuver as one of the fundamental actions on a halfpipe. Actions on a halfpipe are relatively aggressive compared to other sports, due to the wide range of horizontal and vertical high-speed movements. To collect data on aggressive action sports, we developed a new motion recording system based on GPS and the 9 Degrees of Freedom sensor, which is composed of a three-axis accelerometer, three-axis gyroscope, and three-axis digital compass.
II. DEVELOPMENT OF MOTION MEASUREMENT SYSTEM
Due to the wide range of movements in action sports, it is difficult to capture complete actions with a motion capture system, which deploys several high-speed cameras at fixed places. On the other hand, due to the small footprint and light weight of MEMS, it is easy to put inertial sensors on parts of a human body to record all the motion data of action sports. A smartphone is an available device that contains various types of sensors. However, in order to get synchronized data sets from multiple devices, we needed precise time stamps on the data collected from each device. In addition, due to the aggressive motions of action sports, the wearable device had to be impact resistant. Due to these very specific needs, we developed our own recording device.
A. Hardware
The developed motion recording device is composed of a microcomputer (Arduino Fio), accelerometer and gyroscope (MPU6050), digital compass (HMC5883L), and GPS (MTK3339). The motion and location data is stored on a micro SD-card. The device's sampling rate is approximately 50Hz. The data contains a precise time stamp and position from the GPS on each record at each sampling time. The record also contains sensing data from the three-axis accelerometer, three-axis gyroscope, and three-axis digital compass.
B. Software
The recording data is processed by pre-processing software. The software converts date and time into timestamp in the data. It also synchronizes and normalizes the timestamp on the data collected from multiple devices on the head, waist, right foot, and left foot. After normalization, it detects the time series of each action automatically.
1) Converting time stamp
A time stamp recorded by GPS consists of hours, minutes, and seconds. The software converts hours and minutes in clock time into seconds to prepare data for time series analysis. Moreover, the time stamps occasionally are broken due to poor satellite reception by the GPS. The software removes those broken records in the data.
2) Adjusting time stamp
Due to the low frequency of GPS update, which is 10Hz, multiple records in data have the same time stamp, because the sampling rate of the accelerometer, gyroscope, and digital compass is approximately 50Hz faster than that of the GPS. In order to reassign an appropriate, unique, and sequential time stamp to each record, we employed linear interpolation.
3) Synchronization of multiple time series
In order to synchronize multiple time series, all time stamps collected from all time sequences were sorted and reassigned to the sequences. The value of the added time stamp in a time sequence was assigned the same value as the nearest early time stamp in the sequence.
4) Normalization of time step
In order to analyze data with the auto-correlation function, all time steps in the data had to have the same duration. To avoid deterioration of time sequences with sampling rate at 50Hz, we normalized the sequences to a 10-millisecond duration. Lack of value on a time stamp in a time sequence was filled by the value of the nearest earlier time stamp.
5) Detection of actions
All actions were detected and extracted from the time sequence. Recorded time sequences tended to result in data of long duration. Hence, the manual detection and extraction could be quite a time-consuming task. We did automatic detection and extraction of all actions based on sensor value. Each action data set was written to a separate file.
III. ANALYSIS OF TARGET AND METHOD
We propose a method to detect skill level and type of sport in action sports that use a halfpipe. Halfpipe snowboarding has been a regular event in the Winter Olympic Games since 1998. The first Olympic halfpipe ski event was held in 2014.
In this research, we analyzed the turn maneuvers of skateboarding, inline skating, and BMX on a halfpipe. These sports use wheels to run the surface of the halfpipe. The wheels allowed us to gather relatively stable data compared to data collected from snowboarding and skiing.
A. Proposed Method
Turn maneuvers in a halfpipe are periodical actions. Hence, we employed an autocorrelation function to discriminate different types of sports and levels of skill in turn maneuvers. We defined sample average μ i,j , sample covariance function C i,j,k , and sample correlation function R i,j,k based on a time sequence {y i,j,1 ,y i,j,2 ,…,y i,j,n }, where i is sequential run number, j is sensor number, and t is time period between 1 and n.
We put the recording devices on four stable parts of the body (i.e., head, waist, right ankle, and left ankle). In this case, we employed four devices with nine axis sensors. Hence, we could have run data with 36 dimensions. For each dimension, we calculated an autocorrelation function to define the distance function between each pair of runs based on the squared difference between the two runs. The distance between run a and run b was defined as follows.
where S is a set of sensors and K is the maximum time lag for calculating distance. We could classify different types of sports and levels of skill in turn maneuvers because of the difference of movements of each body part.
B. Difference of Skill
We could observe skill differences in terms of autocorrelations. In terms of turn skill on a halfpipe, we found three types of riding level: beginner, intermediate, and advanced. Beginner is defined as turning on the concave of a halfpipe. Intermediate is defined as turning on the vertical surface of a halfpipe. Advanced is defined as making air turns over the coping of a halfpipe. Autocorrelations of skateboard beginners and intermediates are illustrated in Fig. 1-Fig. 4 .
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©2016 Int. J. Electron. Electr. Eng. Fig. 2 show autocorrelations of the waist xaxis accelerometer for beginner and intermediate, respectively. Fig. 3 and Fig. 4 depict autocorrelations of the waist z-axis accelerometer for beginner and intermediate, respectively. The maximum time lag K is 500, which means 5 seconds, because the round trip on the halfpipe we employed required 5 seconds. The beginner turn maneuvers were performed below the vertical surface of a halfpipe. On the other hand, intermediate maneuvers were performed on the vertical surface itself. Fig. 5 and Fig. 6 illustrate accelerations for round-trip runs on the halfpipe. We observed quarter periods in Fig.  1 and Fig. 3 on the round trips for beginners and half periods in Fig. 2 and Fig. 4 for intermediates. The difference was caused by difference in running velocities between beginner and intermediate.
Due to the slower running velocities of beginners compared to intermediates, the durations of turn maneuvers on the vertical and flat horizontal surfaces are almost the same. Hence, pumping actions on both transition surfaces occurred at quarter periods of the round trips on the halfpipe. The periodical pumping actions generated four peaks on autocorrelation for each round trip.
On the other hand, intermediate running velocities were faster than those of beginner. As a result, intermediate turn maneuver durations became longer than those of beginner. Hence, pumping actions in the first half trip and the last half trip were generated with the same timing, so that the autocorrelation function generated half-period peaks for each round trip. 
C. Difference of Types of Sports
In order to show differences of actions among three types of sports (i.e., skateboard, inline skate, and BMX), intermediate turn maneuvers were illustrated in terms of autocorrelation. Concerning x-axis acceleration at the head position in Fig. 7 , we observed clear half-period peaks for skateboard, while we found small sixth-period peaks for inline skate and BMX in Fig. 8 and Fig. 9 . Fig. 
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©2016 Int. J. Electron. Electr. Eng. Fig. 11, and Fig. 12 also showed autocorrelations of x-axis acceleration on waist position for skateboard, inline skate, and BMX, respectively. As shown in Fig. 7 , Fig. 8, and Fig. 9 for head position and Fig. 10, Fig. 11 , and Fig. 12 for waist position, there were clear differences between different body positions. A total of 18 athletes participated in the experiment. They did three or four rides each. Each ride included six to eight round trips on the halfpipe. We gathered 57 ride data sets, excluding unsuccessful rides. All distances between pairs of run time series were calculated based on the proposed method of autocorrelation. For comparison, we also calculated an ordinal distance measure based on statistical indexes (i.e., average and standard deviation on each time series of ride data).
10,
In order to evaluate the two distance measures, we defined the precision of ranking based on each distance. The precision was defined by s/n, where n is the total number of same-type ride data points in the data set and s is the number of same-type ride data points in the top n ranking list. In terms of precision, the average score based on proposed distance was 0.72563 and standard deviation was 0.187456. On the other hand, the average score based on the ordinal distance was 0.674764 and the standard deviation was 0.20836.
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©2016 Int. J. Electron. Electr. Eng. Furthermore, for visual confirmation of the advantage of the proposed method, we illustrated two dendrograms of hierarchical clustering with ward method, one each for the proposed method and ordinal method. According to the dendrogram of the proposed method (Fig. 13) , the same type of ride data is properly classified into a same cluster. For example, we can see BMX, skateboard (BOARD), and inline skate (INLINE) clusters from left to right of the figure. The BOARD cluster consists of BOARD (LEFT) and BOARD (RIGHT) clusters, which are clusters of clockwise and counter-clockwise turns, respectively. The BOARD (LEFT) cluster consists of runs of INTERMEDIATE and BEGINNER. We can also observe clearly separated clusters concerning BMX and inline skate clusters.
On the other hand, according to the dendrogram of the ordinal method (Fig. 14) , 17 ride time series were not classified into proper clusters. For example, inline skate clusters cannot be separated in proper turn directions or skill levels. Moreover, there is a big difference between the BOARD (LEFT) and BOARD (RIGHT) clusters.
Based on the results of the precision score, the proposed distance function is more adequate to describe the differences in ride data on a halfpipe, because the proposed method results in a higher score than that of the ordinal statistical method. In addition, in terms of the dendrogram of hierarchical clustering with ward method, the proposed method can identify each cluster of the same type of turning, even though the ordinal method fails to find proper clusters for 17 ride time series.
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V. CONCLUSION
We developed a new motion recording system based on GPS and 9 Degrees of Freedom sensors (composed of three-axis accelerometer, three-axis gyroscope and threeaxis digital compass). Deploying the systems, we analyzed turn maneuvers on a halfpipe with skateboard, inline skate, and BMX.
In future research, we will analyze the advanced level of halfpipe riding and try to collect data on different types of sports terrain (e.g., varieties of skate parks and big-air ramps).
